Programmed cell death (PCD) has been discounted in the ascidian embryo because the descendants of every embryonic cell appear to be present in the tadpole larva. Here we show that apoptotic PCD is initiated in the epidermis and central nervous system (CNS) but not in the endoderm, mesenchyme, muscle, and notochord cells during embryogenesis in molgulid ascidians. However, the affected cells do not actually die until the beginning of metamorphosis. Although specific patterns of PCD were different in distantly related ascidian species, the results suggest that removal of CNS cells by apoptosis is a urchordate feature predating the origin of the vertebrates. Certain molgulid ascidian species have evolved an anural (tailless) larva in which notochord cells fail to undergo the morphogenetic movements culminating in tail development. These anural species include Molgula occulta, the sister species of the urodele (tailed) species Molgula oculata. We show that PCD in the notochord cell lineage precedes the arrest of tail development in M. occulta and other independently evolved anural species. The notochord cells are rescued from PCD and a tail develops in hybrid embryos produced by fertilizing M. occulta eggs with M. oculata sperm, implying that apoptosis is controlled zygotically. Antisense inhibition experiments show that zygotic expression of the FoxA5 and Manx genes is required to prevent notochord PCD in urodele species and hybrids with restored tails. The results provide the first indication of PCD in the ascidian embryo and suggest that apoptosis modulated by FoxA5 and Manx is involved in notochord and tail regression during anural development. Differences in PCD that occur between ascidian species suggest that diversity in programming apoptosis may explain differences in larval form. q
Introduction
The origin of novel morphologies is based on evolutionary reorganizations in development and is accompanied by changes in gene expression (Carroll et al., 2001 ). Although many developmental regulatory genes have now been identified, their roles in fundamental embryonic processes, such as cell proliferation, cell death, cell shape, and cell migration, are not clearly understood. To address this problem, we are studying tail morphogenesis in the ascidian tadpole larva.
Ascidians have a larval body showing typical chordate features, including a dorsal central nervous system (CNS) and a notochord flanked by bands of striated muscle cells (Satoh, 1994) . The simplicity of the tadpole larva provides an ideal system to study chordate evolution and development (Corbo et al., 2001) . The tadpole consists of only about 2500 cells and a few different tissues, including epidermis, CNS, endoderm, mesenchyme, notochord, and muscle (Satoh, 1994) . The complete cell lineage is known for some of these tissues (Nishida, 1987) . The ascidian genome is relatively small, about same size and complexity as the Drosophila genome (Simmen et al., 1998) . In addition, morphogenetic cell movements are relatively simple; the convergence and extension of only 40 notochord cells drives tail formation. The ascidian embryo also provides a unique opportunity to study evolutionary changes in development. Most ascidian species possess a tadpole larva and are known as urodele (tailed) species. In contrast, some molgulid species have evolved a tailless larva and are known as anural (tailless) species (Jeffery, 1997) . During anural development, the tail muscle and notochord cells do not undergo morphogenetic movements or terminal differentiation. Anural development has evolved at least six different times in ascidians (Hadfield et al., 1995; Jeffery et al., 1999) , resulting in convergent loss of the tail.
The anural ascidian Molgula occulta has a urodele sister species, Molgula oculata. Fertilization of M. occulta eggs with M. oculata sperm produces viable hybrid embryos in which the notochord and tail are restored (Swalla and Jeffery, 1990 ). The zygotic expression of the winged helix gene FoxA5 (formerly FH1, an HNF-3b -like gene) and the tudor domain gene Manx (Swalla et al., 1993; Olsen and Jeffery, 1997; Olsen et al., 1999) is required for normal tail development in M. oculata and tail restoration in M. occulta £ M. oculata hybrids. In considering the possible functions of FoxA5 and Manx, it became apparent that they could have a role in programmed cell death (PCD). Mutations in the Drosophila winged helix gene fork head prevent changes in cell shape and induce apoptosis (Myat and Andrew, 2000) . In addition to their roles as transcription factors, winged helix genes also function as anti-apoptotic factors in vertebrates (Nakamura et al., 2000) . Furthermore, the Manx tudor domain (Aravind and Landsman, 1998 ) has a homologous region in the survival of motor neuron (SMN) protein (Talbot et al., 1998) , which modulates cell death in the vertebrate CNS (Kerr et al., 2000) .
An impediment to associating the roles of FoxA5 and Manx with cell death and survival, however, is that apoptosis has not been described in the ascidian embryo. Indeed, the descendants of every embryonic cell appear to be present in the tadpole larva (Nicol and Meinertzhagen, 1991 ). Here we demonstrate that a subset of epidermal and CNS cells initiate PCD during molgulid embryogenesis, although they do not actually die and disappear until the beginning of metamorphosis. We also demonstrate that although the tail muscle and notochord cells do not undergo PCD during urodele development, they are programmed to die during embryogenesis in five divergent anural molgulid species, including M. occulta, and can be rescued from apoptosis in M. occulta £ M. oculata hybrids. We also show that patterns of apoptosis can diverge in different ascidian species. Finally, we present evidence that zygotic expression of the FoxA5 and Manx genes is required to prevent PCD in the notochord.
The present results provide the first indication of PCD during ascidian embryogenesis. They also suggest that the removal of excess CNS cells by PCD is a primitive chordate feature predating the origin of vertebrates and that PCD modulated by FoxA5 and Manx is involved in loss of the tail during anural development. Interspecific differences in embryonic PCD suggest that apoptosis could be responsible for changes in ascidian larval form.
Results

Detection of PCD
Apoptosis in Drosophila (Cavaliere et al., 1998) and mammalian (Hsueh et al., 1996) ovarian follicles prompted the assessment of various methods for detecting PCD in ascidians using the egg follicle. The ascidian egg follicle consists of an outer layer of follicle cells, an acellular chorion, and an inner layer of test cells, which surrounds the embryo until the time of larval hatching. Ultrastructural analysis showed that the test and follicle cells of several ascidian species (Fig. 1A , B) contain condensed chromatin bodies typical of the early stages of apoptotic PCD (Kerr et al., 1995) . Apoptosis was also assayed by acridine orange (AO), a vital dye that permeates and stains the nuclear DNA of dead cells (Abrams et al., 1993) , and by in situ DNA nick end labeling (TUNEL), which detects nuclear DNA fragmentation typical of apoptosis (Gavrieli et al., 1992) . The nuclei of test and follicle cells showed AO (Fig.  1C) and TUNEL (Fig. 1D) staining, suggesting the occurrence of apoptosis. To substantiate the TUNEL results, we examined DNA fragmentation by agarose gel electrophoresis (Fig. 1E) . The results showed fragmented DNA in unfertilized eggs, due to follicular PCD, and in hatched larvae, suggesting that apoptotic PCD also occurs during embryogenesis.
PCD is initiated during embryogenesis
PCD was initially examined by TUNEL in embryos of the ascidian M. occidentalis, which forms a conventional urodele larva. Since the egg follicle shows apoptosis, TUNEL assays were performed on embryos stripped of their test and follicle cells. Cleaving embryos and early gastrulae did not show TUNEL labeling above the weak background levels observed in every cell ( Fig. 2A) . TUNEL-positive cells were first detected in the posterior and dorsal ectoderm between the late gastrula and neurula stages (Fig. 2B) . In tailbud embryos and hatched larva, TUNEL labeled cells were scattered within the presumptive head epidermis and present throughout the tail epidermis (Fig. 2C, D) . However, during embryogenesis and after hatching, the most intense and uniform TUNEL staining was always seen at posterior epidermal cells that contribute to the tail (Fig. 2B-D) . In contrast, a subset of the lateral head epidermal cells did not show TUNEL labeling (see Fig.  2K , N). We extended TUNEL analysis to other urodele ascidian species. The pattern of TUNEL labeling was identical in M. oculata (see Fig. 4F ) and Styela clava (see Jeffery, 2002) . However, TUNEL labeling was not as prominent in Ascidia ceratodes and Ciona intestinalis embryos: fewer TUNEL labeled epidermal cells were seen prior to hatching in these species. After hatching TUNEL labeling was seen mainly at the tip of the tail in the latter two species and swept anteriorly during metamorphosis (Fig. 2E ). Therefore, the pattern and timing of PCD can show interspecific differences in ascidians.
Caspase activation was examined as an independent indicator of PCD in M. occidentalis embryos. Tailbud embryos dissected from their chorions (Fig. 2F ) or hatched tadpoles (Fig. 2G) were incubated with FITC-VAD-fmk (FVf), which specifically binds to activated caspases allowing apoptotic cells to be detected by fluorescence microscopy (Voronina and Wessel, 2001) . Consistent with the TUNEL results, caspase activity was detected in head and tail epidermal cells (Fig. 2F, G) . The TUNEL and activated caspase results suggest that apoptosis is initiated during embryogenesis in molgulid ascidians.
Because of widespread PCD in the epidermis of M. occidentalis embryos (Fig. 2B-D , F, G), TUNEL analysis of sections was necessary to determine the status of internal cells. After TUNEL, the sections were counter-stained with hematoxylin/eosin to distinguish the TUNEL-positive nuclei, which stain red-brown, from the TUNEL-negative nuclei, which stain purple. Consistent with the whole mount results, TUNEL labeling was initially observed in the posterior and dorsal epidermis in late gastrulae (data not shown) and subsequently in the posterior neural tube (Fig. 2H) . In contrast, the endoderm, muscle, notochord, and mesenchyme cells did not show TUNEL labeling (Fig. 2I , J, L-N). By the tailbud stage, the head epidermis showed a mix of TUNEL labeled and unlabeled cells (Fig. 2K) , most spinal cord cells were TUNEL positive (Fig. 2I , J, L, M), and some TUNEL-positive cells were seen in the brain (Fig. 2N) . M. oculata embryos showed similar TUNEL labeling in their internal cells (Fig.  4F) . The results show that PCD is initiated in the epidermal and CNS cells during ascidian embryogenesis.
Apoptotic cells die and disappear during metamorphosis
Although the TUNEL and caspase results show that apoptosis is initiated during embryogenesis, they do not indicate when the affected cells actually die. SYTOX, a vital dye that permeates the plasma membrane and stains the nuclear DNA of deceased cells but does not enter living cells (Poot et al., 1997; Voronina and Wessel, 2001) , was used to assay dead cells. SYTOX did not stain tailbud embryos (Fig. 3A, B) or recently hatched tadpoles (data not shown). SYTOX stained cells first appeared in the nuclei of head and tail epidermal cells at the beginning of metamorphosis, as the larval tail started to retract into the head (Fig. 3C, D) . The number of SYTOX stained cells gradually increased during tail retraction and then decreased as the tail disappeared into the head (Fig.  3E-J) , suggesting that larval cells die asynchronously and are rapidly removed from metamorphosing juveniles. Almost all of the SYTOX labeled cells had disappeared by 1 day after the beginning of metamorphosis (Fig. 3K, L) . Surprisingly, cell death was not observed in notochord cells within the larval head during the first 2 days of metamorphosis, suggesting that they die later in development or are preserved in the adult. The results indicate that the epidermal and CNS cells programmed to die during embryogenesis postpone their death until metamorphosis.
PCD during anural development
To determine the role of PCD in anural development, TUNEL labeling was compared in M. occulta and M. oculata embryos. TUNEL labeling was seen in all notochord and muscle precursor cells, as well as the ectodermal derivatives in M. occulta (Fig. 4A-E, G, H) . Figs. 4B-D and 6B, E show M. occulta embryos between the late gastrula and neurula stages, when the presumptive notochord cells are located in distinct rows below the neural plate. Each notochord cell in the row showed a TUNEL-positive nucleus. Likewise, PCD was detected in the vestigial muscle cells, which flank the notochord cells in 6 h M. occulta embryos (a stage when M. oculata embryos are undergoing tail elongation) (Fig. 4E) . Because it is difficult to distinguish between the prospective muscle and mesenchyme cells in M. occulta embryos, it could not be determined whether some of the latter also undergo PCD. However, many neural plate and tube cells were TUNEL labeled (Figs. 4C, D and 6B, E), and PCD was subsequently observed throughout the CNS (Fig. 4G, H) . The results show that tail regression is accompanied by PCD in the notochord and muscle lineages in the M. occulta embryo.
Anural development has evolved multiple times in ascidians (Hadfield et al., 1995; Jeffery et al., 1999) . To determine whether PCD is involved in these independent episodes of tail regression, we performed TUNEL analysis on embryos of four other anural species (E. arenosa, M. tectiformis, M. bleizi, and M. provisionalis), which belong to separate molgulid clades. PCD was observed in the muscle and notochord lineage cells in all embryos in each of these anural species (Fig. 5) . Thus, PCD may be responsible for the convergent evolution of anural development.
Rescue of notochord cells from PCD in hybrid embryos
Fertilization of M. occulta eggs with M. oculata sperm restores notochord cell movements in the anural species, resulting in larvae with short tails (Swalla and Jeffery, 1990; Jeffery and Swalla, 1992) . These hybrid larvae are not motile, presumably because their muscle cells fail to differentiate (Kusakabe et al., 1996) .
To investigate the relationship between PCD and tail restoration, TUNEL assays were performed on sections of M. occulta and hybrid embryos derived from the same clutch of eggs. Fig. 6 shows TUNEL assayed sections of M. occulta and hybrid embryos between the late gastrula and 6 h stages (Fig. 6B, C, E, F, H, I ), when the presumptive notochord and muscle cells are present ventral to the neural plate. Each of the visible notochord cells were TUNEL labeled in M. occulta gastrulae, neurulae, and 6 h embryos (Fig. 6B, E, H) . The notochord cells were completely rescued from PCD in about 25% (19 of 74) of the hybrid embryos (Fig. 6C, F, I ). In contrast, in other hybrid embryos (34 of 74) only a few of the notochord cells in a row were TUNEL negative (see Fig.  7D, H) , and in some hybrid embryos (21 of 74 embryos) all of the visible notochord cells remained TUNEL positive. Random survival of notochord cells may account for different tail lengths in hybrid larvae (Swalla and Jeffery, 1990; Jeffery and Swalla, 1992) . The vestigial muscle cells showed PCD in all hybrid embryos (Fig. 6H, I ), consistent with the absence of muscle cell differentiation (Swalla and Jeffery, 1990; Kusakabe et al., 1996) . The results suggest that notochord PCD is controlled zygotically.
FoxA5 and Manx are required to prevent PCD in notochord cells
The FoxA5 gene is expressed in the prospective endoderm and notochord cells, where it is required for cell movements (Olsen and Jeffery, 1997) . Antisense oligodeoxyribonucleotides (ODNs) specifically reduce the titer of FoxA5 mRNA, resulting in an exogastrula-like phenotype. About 95% (89 of 94) of the M. oculata embryos treated with FoxA5 antisense ODNs showed TUNEL labeling in at least one of the visible notochord cells arrested at the anterior lip of the blastopore and in one or more of the evaginated endoderm cells protruding from the blastopore. All of the visible notochord and many of the evaginated endoderm cells showed TUNEL labeling in about 70% of the antisense treated embryos. In contrast, TUNEL labeling was not observed in invaginated endoderm cells or prospective muscle cells at the posterior lip of the blastopore (Fig. 7A) (Olsen and Jeffery, 1997) in antisense treated M. oculata embryos. M. oculata embryos treated with control ODNs rarely (five of 67) showed PCD in an endoderm or notochord cell (Fig. 7B) . All hybrid embryos (34 of 34) treated with FoxA5 antisense ODNs showed TUNEL labeling in their notochord, evaginated endoderm, and muscle cells (Fig. 7C ) (muscle cells always show PCD in hybrid embryos; Figs. 4E and 6H). In contrast, some notochord cells were TUNEL negative in 75% of hybrid embryos (75 of 98) treated with control ODNs (Fig. 7D) . The results suggest that FoxA5 expression is required to prevent PCD in the notochord and endoderm cells of M. oculata and hybrid embryos.
The Manx gene is expressed in notochord, epidermal, CNS, and muscle cells in M. oculata embryos, downregulated in M. occulta embryos, and restored in hybrid embryos (Swalla et al., 1993; Swalla and Jeffery, 1996) . Inhibition of Manx expression in M. oculata or hybrid embryos by antisense ODNs leads to reduced levels of the corresponding mRNAs and suppression of tail formation in M. oculata and tail restoration in hybrid embryos . Treatment of M. oculata embryos with Manx anti- sense ODNs resulted in unscheduled PCD in notochord and muscle cells (Fig. 7E) . About 82% (40 of 49) of the antisense treated M. oculata embryos showed TUNEL labeling in all of the visible notochord and muscle cells. In contrast, most M. oculata embryos (23 of 25) treated with control ODNs did not show notochord or muscle PCD (Fig. 7F) . Likewise, about 96% of hybrid embryos (51 of 53) deficient in Manx mRNA showed TUNEL labeling in all visible notochord and muscle cells (Fig. 7G) , whereas 22 of 47 hybrid embryos treated with control ODNs showed PCD in only some of the notochord cells (Fig. 7H) , as normally seen in hybrid embryos. The results suggest that zygotic expression of the Manx gene is necessary to prevent PCD in the prospective notochord cells.
Discussion
This is the first demonstration of PCD and its evolutionary consequences in the ascidian embryo. First, we show that apoptotic PCD is initiated in the epidermis and CNS in molgulid ascidian embryos. Second, we demonstrate that actual cell death and corpse removal is delayed until metamorphosis. Third, we show that the tail muscle and notochord cell lineages, which survive PCD in urodele molgulid species, are programmed to die in anural molgulid species, providing a cellular mechanism for the loss of the tail. Fourth, we show that PCD is prevented in M. occulta notochord cells following hybridization with M. oculata, indicating control by a zygotic process. Finally, we present evidence that zygotic expression of the FoxA5 and Manx genes is required to protect the notochord cell lineage from PCD.
PCD in ascidian embryos
Despite a highly determinate mode of development, PCD has been virtually ignored in ascidian embryos because the descendants of every blastomere appear to be present in the tadpole larva (Nicol and Meinertzhagen, 1991; Satoh, 1994) . In contrast, PCD is a common theme in other invertebrates with highly determinate development, such as C. elegans (Hengartner and Horvitz, 1994) . The extent of PCD is also significant in animals with less determinate modes of development, such as Drosophila, Xenopus, chick, and mouse (Abrams et al., 1993; Hensey and Gautier, 1998; Sanders et al., 1997 ). Here we demonstrate that molgulid ascidians, like other determinate developers, exhibit PCD during embryogenesis. In contrast to PCD in other animals, however, the cells that initiate PCD during embryogenesis survive through the swimming larval period and do not actually die until the beginning of metamorphosis. Fig. 8 illustrates the cell lineages that contain apoptotic cells in the urodele molgulid species we have examined. According to our results, epidermal, brain, and spinal cord cells are programmed to die during embryonic development. Epidermal cells are specified autonomously by cytoplasmic determinants localized in the animal hemisphere of the ascidian egg (Nishida, 1994a) . Our results bring up the possibility that these determinants may include factors that promote apoptosis. Mature epidermal cells are known to secrete part of the larval cuticle (Satoh, 1994) . The test cells in the egg follicle also contribute secretions to the cuticle before their demise at hatching (Satoh, 1994) . Despite displaying DNA fragmentation, the specialized functions of the test and epidermal cells can still take place. The cell lineage diagram is according to Satoh (1994) .
We emphasize that only a subset of the epidermal (and CNS) cells are programmed for apoptosis. Examples of ectodermal cells that survive PCD may be those that generate the larval primary sensory neurons (Torrence and Cloney, 1982) and ampullae epidermis in metamorphosing juveniles. In cell tracing studies, Nishida (1997, 2000) were unable to demonstrate contributions of larval endodermal and mesodermal cells to the adult tunic, implying that this structure is ectodermal in origin and also likely to be formed by larval epidermal cells that survive PCD.
Our results indicate that most if not all spinal cord cells initiate PCD during molgulid embryonic development. The spinal cord is composed entirely of the so-called ependymal cells (Katz, 1983) , which does not have an apparent role in the adult, and presumably disappears during metamorphosis. Most investigators have interpreted the ependymal cells of the spinal cord as a type of glial or supporting cell (Katz, 1983; Jeffery, 2002) , although their true larval function is still unresolved. Our results bring up the possibility that the ependymal cells may actually be dying CNS cells. Extensive PCD in the spinal cord suggests that this structure may be vestigial in molgulid ascidians.
The cells earmarked for PCD in the embryo do not actually die and disappear until the beginning of metamorphosis. Thus, it is possible that the initiation of metamorphosis and the final stages of cell death are regulated by the same signals (Bishop et al., 2001) . Indeed, epidermal cell death could be required for tail retraction, which is driven by the contraction of notochord cells in molgulid ascidians (Cloney, 1978) . In future studies, it will be interesting to examine epidermal PCD in ascidian species in which contraction of the tail epidermal cells, rather than the notochord cells, drives tail retraction (Cloney, 1978) .
The interlude between the initiation of PCD during embryogenesis and its completion during metamorphosis is noteworthy. The dying cells that appear during embryogenesis do not exhibit nuclear changes typical of PCD when viewed by electron microscopy. In contrast to C. elegans (Robertson and Thomson, 1982) and Drosophila (Abrams et al., 1993) embryos, cell corpses have not been observed in ascidian embryos. The removal of dying cells may not be possible until after the appearance of macrophages at metamorphosis.
In contrast to the molgulid and styelid ascidans, which undergo significant PCD during embryogenesis, apoptosis was not as prominent during A. ceratodes and C. intestinalis embryogenesis. In the latter species, the majority of PCD occurred in the tail region of the larva after hatching or at the beginning of metamorphosis. Ascidia and Ciona are members of the Order Phlebobranchia, whereas Molgula and Styela are members of the Order Stolidobranchia. Phylogenetic studies have shown that the ascidian species assigned to these two orders are highly divergent (Swalla et al., 2001) . We conclude that embryonic PCD can vary among ascidian species, suggesting that apoptosis may be responsible for differences in larval form.
Evolutionary aspects of PCD in the CNS
More cells are produced in the vertebrate CNS than are needed to match their targets and PCD removes the excess cells (Oppenheim, 1991) . The present results show that PCD occurs throughout the molgulid larval CNS, including the three parts of the brain and the spinal cord (Fig. 8) . The dying brain cells could be ependymal cells, neuronal cells, or both, and further studies will be necessary to determine their identity. The present study suggests that the formation of excess CNS cells and their subsequent removal by PCD is an ancient and conserved process in the chordates, predating the origin of vertebrates.
Apoptosis is even more extensive in the CNS of anural molgulid larva (Figs. 4G, H and 5D) , possibly explaining the absence of the otolith sensory organ in these forms (Jeffery, 1997) . The only cells likely to survive PCD in the brain of anural larvae are the precursors of the adult nervous system. The degeneration of the larval CNS in anural larvae may have occurred because its primary targets, the adhesive palps, the brain sensory organs, and the tail musculature (Takamura, 1998) , have disappeared in anural species. The survival of neurons in other organisms is often dictated by the presence and health of their targets. In future studies, it will be important to confirm the extent of nervous system degeneration and its relationship to the absence of target organs in anural molgulid larvae.
PCD and the evolution of anural development
Anural ascidians have lost the tailed larva due to the failure of their notochord cells to undergo tail-generating morphogenetic movements (Jeffery, 1997) . Our results suggest that inhibition of notochord convergence and extension is related to the initiation of PCD. Brachyury is initially expressed in notochord lineage cells of the anural ascidian M. occulta but disappears after neurulation, while expression is still strong in the notochord of its urodele sister species M. oculata (Takada et al., 2002) . In contrast, Brachyury expression was maintained at a higher level after neurulation in hybrids (Takada et al., 2002) . We ascribe the suppression of Brachyury and other genes expressed in the M. occulta notochord (Jeffery et al., 1998) and their restoration in hybrids to PCD.
The tailless phenotype has evolved independently at least six times in molgulids and syelids in the Order Stolidobrachia (Hadfield et al., 1995; Jeffery et al., 1999) but is surprisingly absent from ascidians in the Order Phlebobranchia. We have found that the notochord and muscle cell lineages exhibit apoptosis in five independently derived anural molgulid species (M. occulta, M. bleizi, M. provisionalis, M. tectiformis, and E. arenosa), suggesting that PCD may be the cellular basis for the convergence of anural larval form. Furthermore, our results suggest that the striking absence of anural development in the Order Phlebobranchia (e.g. Ascidia and Ciona) could be due to their tendency to begin significant PCD after larval hatching rather than during embryogenesis.
Similar to apoptosis in the ectodermal lineages, PCD in the muscle cell lineage may be specified by maternal determinants in the eggs of anural species. Two lines of evidence support this possibility. First, we show here that the muscle cells are still programmed to die after notochord cell movements and the tail are restored in hybrid embryos. Second, previous studies have established that the myoplasm, the egg cytoplasmic region containing muscle determinants (Nishida, 1994b) , is structurally altered in anural species (Swalla et al., 1991; Jeffery and Swalla, 1992) . In contrast, PCD in the notochord appears to be determined by a zygotic process because it can be rescued in hybrid embryos.
Transcription factors and signaling molecules that are involved in generating developmental patterns, including Brachyury (Conlon and Smith, 1999) , Twist (Maestro et al., 1999) , and Sonic Hedgehog (Charrier et al., 2001) , also play critical roles in suppressing apoptosis. Our results suggest that the ascidian FoxA5 and Manx proteins may also be survival factors. FoxA5 and Manx appear to promote larval tail development by protecting the notochord cell lineage from PCD. The FoxA5 results are supported by previous studies showing modulation of apoptosis by winged helix transcription factors in Drosophila (Myat and Andrew, 2000) and vertebrates (Nakamura et al., 2000) .
It is unclear whether FoxA5 and Manx affect PCD directly or indirectly. The induction of PCD in a subset of endoderm cells that are induced to exogastrulate in FoxA5 deficient embryos suggests that apoptosis may be caused indirectly via impaired endoderm cell movements. Similarly, Manx could also induce notochord PCD indirectly by preventing cell proliferation and/or morphogenetic movements. Consistent with this interpretation, Brachyury inhibition triggers PCD by blocking cell proliferation in the dorsal mesoderm of Xenopus embryos (Conlon and Smith, 1999) .
Manx does not appear to have a role in cell proliferation because the number of notochord cells does not increase following its upregulation in hybrid embryos Jeffery, 1990, 1996) . Instead, Manx may have a direct role in inhibiting PCD. The Manx protein contains a tudor domain similar to SMN, whose anti-apoptotic activity is exerted by binding directly to Bcl-2 and other factors that regulate cell death pathways (Sato et al., 2000) . Further studies of Manx and its protein-binding partners should help to understand its anti-apoptotic role in ascidian notochord development.
Experimental procedures
Biological materials
The urodele ascidians used in this study were M. occidentalis, M. manhattensis, M. oculata, A. ceratodes, and C. intestinalis, and the anural species were M. occulta, M. bleizi, M. tectiformis, M. provisionalis, and E. arenosa. M. oculata, M. occulta, M. bleizi, and E. arenosa were collected at Roscoff, France (Swalla and Jeffery, 1990; Swalla et al., 1991; Jeffery et al., 1999) , M. tectiformis was collected at Otsuchi, Japan (Tagawa et al., 1997) , M. occidentalis was purchased from Gulf Specimens Inc. (Panacea, FL, USA), M. manhattensis, M. provisonalis, and C. intestinalis were purchased from the Marine Resources Department, Marine Biological Laboratory, Woods Hole, MA, USA and A. ceratodes was collected at Tomales Bay, CA, USA.
Preparation and culture of embryos and hybrids
Ripe molgulid oocytes were obtained by dissection from the gonads. To obtain embryos, the oocytes were immersed in Millipore filtered seawater (MFSW), washed several times, and allowed to complete the first maturation division. After germinal vesicle breakdown, the mature eggs were inseminated with sperm isolated from the gonads of another individual. Embryos were cultured in MFSW at 16-208C through metamorphosis (Swalla and Jeffery, 1990; Swalla et al., 1991; Tagawa et al., 1997) . M. occulta £ M. oculata hybrids were prepared using single clutches of M. occulta eggs inseminated with sperm from single M. oculata individuals (Swalla and Jeffery (1990) cultured as described previously.
A. ceratodes and C. intestinalis embryos were obtained as described by Swalla et al. (1991) and Costello et al. (1957) , respectively.
Antisense inhibition of gene activity
The following 18-mer phosphorothiolate-substituted ODNs were custom synthesized by Oligos Etc., Inc. Swalla and Jeffery, 1996) . The sequence of the Manx control (scrambled) ODN is 5 0 -GATGGAAACAGAAGGGCG-3 0 .
Antisense inhibition experiments were conducted by suspending 150-200 embryos in plastic wells containing 30 mM ODN in 1 ml MFSW. The embryos were cultured in the presence of antisense or control ODNs beginning at first cleavage. They were fixed for TUNEL between 6 h pf and hatching. Antisense but not control ODNs reduce or eliminate the corresponding mRNA and produce specific phenotypes Olsen and Jeffery, 1997; Olsen et al., 1999) .
Assay of PCD by TUNEL
Whole mount embryos
Embryos were dechorionated by treatment with 0.09% Pronase E (Sigma Chemical Co., St. Louis, MO, USA). The dechorionated embryos were fixed in 4% paraformaldehyde in PBS overnight at 48C, washed twice for 5 min in 100% methanol (48C), and twice for 5 min in PBST (1 £ PBS; 0.1% Triton X-100) at room temperature. The embryos were treated with 10 mg/ml Proteinase K in PBS for 10 min, washed four times for 5 min in PBST, post-fixed in 4% paraformaldehyde for 10 min, and washed four times for 5 min in PBST; these operations were carried out at room temperature. The TUNEL assay was performed using the In Situ Cell Death Kit (Molecular Biochemicals, Indianapolis, IN, USA) with detection of fragmented DNA by peroxidase and Sigma Fast, 3,3 0 -diaminobenzidine (Sigma Chemicals, St. Louis, MO, USA), which were used according to the instructions supplied by the manufacturer.
Sectioned embryos
Oocytes and embryos were fixed in 4% paraformaldehyde in PBS or in 3:1 ethanol/acetic acid for 20 min on ice. The fixed embryos were dehydrated through a graded series of ethanols, cleared in toluene and embedded in paraplast. The paraplast blocks were sectioned at 8 mm, and the sections were attached to gelatin subbed slides. TUNEL was performed on the sections as described previously, but without the Proteinase K digestion step. After TUNEL was completed, the slides were counterstained with hematoxylin eosin.
Assay of PCD by FVf binding to activated caspases
Caspase activation was followed using the cell-permeable activated caspase inhibitor FVf (Promega, Madison, WI, USA). Hatched larvae were treated with 10 mM FVf in MFSW at room temperature for 1-2 h. The larvae were then washed twice in about 15 volumes of MFSW and subjected to fluorescence microscopy.
Assay of PCD by vital nuclear stains
Living oocytes and larva were stained with 5 mg/ml acridine orange (AO; Sigma Chemical, St. Louis, MO, USA) or 5 mM SYTOX green nucleic acid stain (Molecular Probes, Eugene, OR, USA) at room temperature and examined by fluorescence microscopy. The vital dyes were added to dechorionated tailbud stage embryos or hatched larvae. As described previously (Cloney, 1961) , vital dyes initiate tail retraction in competent swimming larva and shorten the time between larval hatching and the onset of metamorphosis.
Electron microscopy
Electron microscopy (EM) was carried out according to Crowther and Whittaker (1983) . Briefly, oocytes were fixed on ice in 2.5% glutaraldehyde, 0.02 M sodium phosphate (pH 7.4), and enough 0.3 M NaCl to make a final concentration of 960 mOsmol, rinsed in 0.02 M sodium phosphate, and post-fixed in 2% osmium tetroxide buffered with 1.25% bicarbonate (pH 7.2) at room temperature. The specimens were washed in bicarbonate buffer, infiltrated in Epon, sectioned, and stained with 2% uranyl acetate.
Isolation and analysis of DNA
DNA was extracted from oocytes and metamorphosed juveniles using the RNA/DNA Maxi Kit (Qiagen, Valenica, CA, USA). Approximately 10 mg DNA was loaded in each lane in 3% agarose gels for electrophoresis. Electrophoresis was carried out for 8 h at 70 V and the DNA molecules were detected by staining with 0.5% ethidium bromide.
Note added in proof
After the current work was in press, an article by Chambon et al. (2002) described caspase-dependent PCD in the tail of C. intestinalis larvae resembling our description of apoptosis in A. ceratodes tadpoles.
